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Abstract 

The study shows that the change in output of a 
cooled turbine blade row relative to the specific 
output of the uncooled blade row can be positive, 
negative, or zero depending on the velocity, in- 
jection location, injection angle, and temperature 
of the coolant. 

Comparisons between the analytical results and 
experimental results for four different cases of 
coolant discharge, all at a coolant temperature 
ratio of unity, show good agreement for three cases 
and rather poor agreement for the other. 

To further test the validity of the method, 
more experimental data is needed, particularly at 
different coolant temperature ratios. 

Introduction 

It is known that the work output of a cooled 
turbine is affected by the amount, velocity, in- 
jection location, injection angle, and temperature 
of the coolant flow introduced in the blade rows, 
but the effect of each of these variables on blade 
row performance has not been well defined. 

Accordingly an analytical study has been made 
in an effort to determine the effect of these 
coolant variables on blade row output. This study 
is part of a continuing program at the NASA Lewis 
concerning the effect of coolant flow on turbine 
performance. The results of some parts of this 
program which have been completed are reported in 
Refs. 1 to 9. References 1 to 3 report the re- 
sults of experimental and analytical investigations 
of the effects of turbine stator blade trailing- 
edge coolant ejection on turbine stator and stage 
performance; and Refs. 4 to 7 report the results of 
experimental and analytical investigations of the 
effects of two types of stator blade transpiration 
coolant discharge on turbine stator and stage per- 
formance. Reference 8 summarizes the results of 
Refs. 1 to 7. The main conclusions of these refer- 
ence investigations were that coolant flow ejected 
from the trailing edge parallel to the main stream 
contributed significantly to the turbine stage work 
output; whereas, coolant flow ejected through a 
porous skin covering the complete stator blade 
surface contributed little or nothing to the turb- 
ine stage work output. 

In Ref. 9, analytical methods for determining 
the effect of coolant air on turbine efficiency are 
described. In these analyses, the effects on blade 
row output of multiple coolant ejection with dif- 
ferent coolant variables were considered in their 
aggregate by use of single valued coolant pressure 
coefficients, the coolant pressure coefficient be- 
ing defined as the ratio of the dynamic head of the 
coolant flow to the dynamic head of the primary 
flow at blade outlet. Since, for purposes of the 
reference analyses, these pressure coefficients 
could be assumed, no means were provided for their 


determination. 

The analyses of this paper may be considered 
a continuation of that of Ref. 9. It describes an 
analytical method for predicting the effect of 
specific coolant variables on blade row output. 
Charts based on the method are presented which per- 
mit rapid estimation of the effect on blade row 
output of coolant ejection from single or multiple 
locations with different coolant variables. From 
these results, overall values of blade row coolant 
pressure coefficients can be obtained if desired 
for use in Ref. 9 to compute the effect of the total 
coolant flow on turbine efficiency. 

Examples of use of the method for actual blade 
rows are presented, and results from the method are 
compared with experimental results. 

Results of the study are presented in terms of 
change in kinetic energy output relative to that 
of the uncooled blade row. 

Analyses 

The general procedure in the analyses is to 
determine the change in uncooled blade row output 
due to coolant addition. To accomplish this, the 
effective kinetic energy and momentum outputs of 
the coolant and primary (uncooled) flows are first 
determined. Then the two flows are mixed and the 
output of the mixed flow determined. Knowing the 
output of the cooled and uncooled flows, the change 
in output of the uncooled blade row due to coolant 
addition is obtained. 

A discussion of the analyses of the problem 
is presented in the following three sections. (The 
mathematical expressions corresponding to the 
analyses are in Appendix B. Symbols are in 
Appendix A. ) The first section concerns how the 
different coolant flow variables affect the coolant 
flow oulput. The second section concerns how the 
coolant flow output affects the mixed flow output. 
And the third section concerns how trailing-edge 
coolant ejection, which is a special case of cool- 
ant discharge, affects the mixed flow output. 

For purposes of simplification, the analyses 
assume that the expansion efficiency of the cool- 
ant and primary flows are the same. The use of 
this assumption makes the computations independent 
of efficiency, thus isentro’pic processes can be 
used in the analyses. The analyses also considers 
the efficiency of the primary flow before mixing 
with the coolant flow to be the same as the un- 
cooled blade row efficiency. Finally, the analyses 
assume that the coolant and primary flows mix at 
constant pressure equal to blade row exit static 
pressure. Then P2 = Pp ; 2 = Pm- 

Coolant Flow Output 

As indicated in Fig. 1, the kinetic, energy and 
momentum of the coolant flow at blade row exit are 
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dependent upon the temperature, location, velocity, 
and angle at -which the coolant flow is discharged 
into the main stream. Four representative cases of 
coolant discharge that may occur are shown. . 

In case 1, the coolant is ejected on the pres- 
sure side of the blade in a direction normal to 
the primary flow. For this case, the kinetic ener- 
gy of the entering coolant is considered to be lost 
by throttling and so is not available for useful 
blade row output. However, as indicated by the 
blade-surfacetpressure diagram, the static pressure 
of the coolant is larger than the blade exit static 
pressure. For this case, as indicated by the HS 
diagram, the coolant flow then has specific kine- 
tic energy at blade row exit corresponding to the 
enthalpy drop between its static discharge pres- 
sure and blade exit static pressure. 

Case 2 is the same as case 1 except the cool- 
ant is discharged with a component of velocity in 
the direction of primary flow instead of normal 
to the primary flow. As indicated on the HS dia- 
gram, the component of kinetic energy parallel to 
the primary flow represents useful kinetic energy. 
So the total specific kinetic energy output of the 
coolant flow for case 2 is the sum of the specific 
kinetic energies represented by the energy compo- 
nent parallel to the primary flow and the specific 
kinetic energy output corresponding to the enthal- 
py drop between the blade surface static pressure 
* and blade exit static pressure. 

Case 3, as shown on Fig. 1, is for coolant 
discharge normal to the primary flow from the dif- 
fusion region on the suction surface of the blad- 
ing. For this case, as indicated by the blade 
surface-pressure diagram and the HS diagram, the 
static pressure of the coolant at the location of 
discharge on the blade surface is less than the 
blade exit static pressure. There is then no 
enthalpy drop to blade exit for conversion to 
kinetic energy. Instead energy must be added to 
the coolant flow to increase the coolant pressure 
from discharge static pressure to blade exit static 
pressure. The compression work required for this 
pressure increase, of course, causes a decrease in 
blade row output. As indicated by the HS diagram, 
it is assumed in these analyses that the specific 
work required for this pressure increase is that of 
isentropic compression. 

Case 4 is the same as case 3, except that the 
direction of coolant discharge is not normal to the 
primary flow. For this case, again as the HS 
diagram suggests, the analyses assume that the 
coolant is first compressed to blade exit static 
pressure, and during the compression, the compo- 
nent of coolant energy parallel to the main stream 
is conserved. For case 4, the net specific kinetic 
energy output of the coolant at blade row exit is 
then the sum of the equivalent specific kinetic 
energy required for compressing the coolant to 
stage exit static pressure, which is negative, and 
the useful specific kinetic energy represented by 
the energy component parallel to the main flow. 

Summarizing this section, the effects of 
coolant flow variables on the specific kinetic 
energy of the coolant flow at blade exit before 
mixing have been discussed. Depending on the 
coolant variables, the specific kinetic energy of 
the coolant before mixing was found to vary from 


positive to negative values. ' The coolant. condi- 
tions which determine these variations in energy 
can be easily identified. First the total effect- • 
ive pressure of the coolant relative to the blade . 
row exit static pressure determines whether the 
energy of the coolant is positive or negative. If 
Pc h is less than pg the energy is negative, and 
if p£, h is greater than pg, the energy is posi- 
tive. ’ 

It is also known, as the HS diagrams imply, 
that for a given value of positive head, the out- 
put of the coolant flow increases with increased 
coolant temperature, and that for a given value of 
negative head, the required coolant compression 
work increases with increased coolant temperature. 
For these reasons, as will be shown in the Results 
section, the change in output of the uncooled blade 
row for a given coolant mass flow can be correlated 
by the temperature ratio of the primary and coolant 
flows, Tp/Tc,h> and a coolant flow pressure coeffi- 
cient kp which is the ratio of the total dynamic 
head of the coolant flow relative to the total dy- 
namic head of the primary flow. Thus, kp = (pjj h - 
P2)/(Pp - P2)- Also since the ratios of coolant 
flow specific kinetic energy to primary flow speci- 
ific kinetic energy at blade row exit, (V c /Vp)S and 
(’/ c pp/ v p,2) 2 are dependent upon the coolant tem- 
perature ratio and pressure coefficient, the change 
in blade row output due to coolant flow can be cor- 
related by the parameters (V c /V p )2 and (V c ,pp/ 

v p,2>- 

Effect of Coolant Flow on Mixed Flow Output 

These analyses consider the mixed flow output 
to be affected by coolant flow in two ways. The 
first way is that some of the kinetic energy of the 
primary and coolant flow is lost as a result of mo- 
mentum exchange during mixing. The second way is 
that the mixed flow must contribute compression 
work to increase the pressure of any coolant flow 
discharged in the diffusion region on the blade 
surface . 

These analyses assume that the momentum ex- 
change between the primary and coolant flows occur 
after the two streams exit from the blade row and 
that the exchange occurs at constant pressure equal 
to blade row exit static pressure. The energy 
loss due to momentum exchange during mixing is then 
dependent on the difference in momentum between the 
primary and coolant flows at blade row exit . 

Further, in these analyses, the effect on 
blade row output of any compression work required 
because of coolant discharge in a diffusion region 
is determined by simply subtracting the isentropic 
compression work from the blade row output occurr- 
ing after the momentum exchange. 

Effect of Trailing-Edge Coolant Discharge on Blade 
Row Output 

There are two major effects on blade row out- 
put resulting from trailing -edge discharge of 
coolant flow. These two effects are indicated in 
Fig. 2. As indicated in Fig. 2(a), one effect is 
that the discharge of coolant flow parallel to the 
main gas stream contributes useful kinetic energy 
to the blade row output. The other effect, as in- 
dicated by Figs. 2(a) and (b), is that the flow of 
coolant from the trailing edge reduces the momentum 
deficit occurring in the trailing-edge region and 
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thus reduces the trailing-edge loss that occurs in 
the absence of- coolant flow. To determine the 
effect of coolant flow on trailing-edge loss then 
requires that the trailing-edge loss with and with- 
out coolant flow be determined. 

In this analysis, the trailing-edge loss with- 
out coolant flow was determined from the method of 
Ref. 11 assuming that the trailing-edge geometry 
was that of the cooled blade without the slot. The 
trailing-edge loss with coolant flow was deter- 
mined using the assumption that the trailing-edge 
loss is related to the momentum deficit of the 
coolant flow relative to the primary flow, the loss 
being minimum when the velocity of the primary and 
coolant flows are equal and maximum when the ve- 
locity of the coolant is zero. This effect of 
coolant flow on trailing-edge loss is indicated in 
Fig. 3(a) for a trailing-edge slot having very thin 
walls. As shown in the figure, the trailing-edge 
loss would be maximum for zero coolant flow and 
equal to zero when the velocity of the coolant flow 
equals that of the primary flow. As indicated in 
Fig. 3(b), with finite slot wall thickness, the 
loss would not reach zero when the coolant and 
primary flow velocities were equal since the thick- 
ness of the slot walls cause loss at this condi- 
tion. Also as indicated, the loss due to finite 
slot walls influence the straight line relation- 
ship of loss vs (V c , sl/Vp,a) which occurs with very 
thin slot walls. The exact effects of different 
trailing-edge slot geometries on trailing-edge 
loss are considered in the mathematical expres- 
sions of Appendix B and the prediction method of 
Appendix C. • 

Results 

The results of the analyses of the. effect of 
coolant flow on blade row output are presented in 
three parts. In the first part the effect of 
coolant discharge normal to the blade surface from 
all locations on the blade except the trailing edge 
are discussed. Next, the effect of coolant dis- 
charge angle and discharge velocity are discussed. 
Then the effect of trailing-edge ejection, which 
is a special case of coolant flow discharge, is 
presented. 

The results of the effects of coolant vari- 
ables on blade row output are presented in terms 
of percent change in kinetic energy output rela- 
tive to the specific kinetic energy output of the 
uncooled blade row. Thus Ah/h 0 x 100 = 

[( V£(l + y) - V2)/ V 2] x 100. 

Effect of Coolant Discharge Normal to the Blade 
Surface 

In Fig. 4, the effect of coolant discharge 
normal to the blade surface on blade row output is 
presented as a function of the parameters (V c /Vp )2 
and (V Cj p p /Vp ;2 ). 

The values of (V c /V p ) 2 shown represent con-’ 
ditions when the effective coolant discharge pres- 
sure on the blade surface is greater than blade 
exit static pressure, and the values of (V C)Pp / 
V P;2 ) shown represent conditions when the coolant 
discharge pressure on the blade surface is less 
than blade exit static pressure. Values of (V c / 
V p ) 2 are the ratio of the coolant flow velocity to 
the primary flow velocity at blade row exit and 


indicate the relative blade row specific energies 
of the coolant flow and primary (or uncooled) flows. 
The values of- (V c , pp/Vp, 2 ) shown do not occur as 
such in the blade row but, as discussed in the 
Analyses section, are used to represent the speci- 
fic energy, relative to the specific kinetic energy 
of the primary flow, that is required to compress 
the coolant from its discharge pressure to blade row 
exit static pressure. The values of (V c pp/Vp 2 ) 
are then defined as the negative value of the ratio 
of the isentropic velocity between blade exit 
static pressure and the coolant discharge pressure 
to the velocity of the primary flow at blade row 
exit. 

As indicated by the dashed and solid lines on 
the figure, the results are dependent on the 
coolant fraction y used to compute the results. 
Since the percent coolant discharge from a given 
location is considered likely to be much closer to 
one percent than 10 percent (or 50 percent), the re- 
maining results are presented on the basis of one 
percent discharge from a given location. 

The results of Fig. 4 clearly show that, for 
the assumptions of these analyses, the fundamental 
parameters affecting blade row output are (V c /Vp) 2 
and (V c pp/Vp 2 ). The values of these parameters 
are, of course, dependent upon the other coolant 
flow variables. The effect of the other coolant 
variables will be considered later in this section. 

The results of Fig. 4 show that the potential 
output of the coolant continually decreases as 
( v c/ v p)2 and ( v c,pp/ v p,2) decrease. This is ex- 
pected since the energy of the coolant relative to 
the energy of the primary flow is decreasing as 
these parameters decrease. Some particular results 
on Fig. 4 are worth noting. When (Vc/Vp )2 equals 
unity, the increase in output per percent coolant 
flow is, of course, one percent because the speci- 
fic kinetic energy of the coolant flow equals the 
specific kinetic energy of the primary flow, and 
there is ho kinetic energy loss due to momentum ex- 
change after mixing. Continuing for decreasing 
values of (V c /Vp) 2 , when (V c /Vp) 2 equals .5, the 
net output of the coolant flow. is zero, and when 
(V c /Vp) 2 equals zero, the loss in output relative 
to the specific output of the uncooled blade row is 
essentially one percent for each percent of coolant 
mass flow added to the blade row. 

The loss of 1.0 percent per percent coolant for 
a (V c /V p ) 2 equal to zero occurs because of the 
following. In the mixing process, the specific 
kinetic energy of the mixed flow is reduced rela- 
tive to the primary flow by very nearly two per- 
cent for each percent of coolant flow. A net loss 
in output relative to the uncooled blade row of 
essentially one percent per percent coolant flow 
then results because the mixed flow is one percent 
larger than the pri m ary flow. 

For a value of (V c /Vp) 2 equal to zero, the 
effective coolant discharge pressure is, of course, 
equal to the blade row exit static pressure. As 
the coolant discharge pressure is decreased to 
values less than the blade row exit static pres- 
sure, the values of (V c pp/V p 2 ) apply to the 
coolant conditions, and the loss in specific output 
of the uncooled blade row continues to increase as 
( v c, pp/ v p, 2 ) decreases because of the required in- 
crease m coolant compression work. 
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Having considered, the effects of the funda- 
mental coolant flow parameters on blade row output, 
the effects of the coolant variables, which deter- 
mine these parameters, will now be considered. The 
coolant variables which determine (V c /V p ) 2 and 
(V c pp/ v p, 2) are coolant temperature ratio Tp/Tc^, 
coolant pressure coefficient kp, and the ratio of 
primary air blade exit static pressure to primary 
air inlet total pressure P 2 /Pp- The coolant pres- 
sure coefficient k p is the ratio of the pressure 
difference between the effective pressure of the 
coolant flow and blade exit static pressure to the 
pressure difference between the total pressure of 
the primary flow and blade exit static pressure. 

Thus, kp = (pc,h " P2)/(Pp - P2). which indicates 
for a given coolant temperature ratio, the relative 
energies of the coolant and primary flows. 

Shown on Fig. 5, then are the effects of 
coolant flow on hlade row output as a function of 
the independent coolant variables; coolant temper- 
ature ratio, coolant pressure coefficient, and pri- 
mary air pressure ratio. Also superimposed on the 
figure are values of (V c /V p ) 2 and (V CjPp /V p2 ) to 
show the interrelation between the independent 
coolant flow variables and these fundamental cool- 
ant parameters. 

The results on the figure show that the cool- 
ant temperature ratio and the coolant pressure 
coefficient have a large effect on the coolant flow 
output and that for positive values of k p , the 
effect of primary air pressure ratio is largely 
accounted for by k p , while for negative pressure 
ratios, it is not entirely accounted for by kp. 

The general results on Fig. 5 show that, other 
coolant variables being constant, the useful blade 
row output decreases with decreasing kp. For 
positive values of k p , the results also show, 
other things being the same, that the useful output 
decreases with decreasing coolant temperature due 
to the decreasing kinetic energy of the coolant 
flow. For negative values of k p , the results 
show that, with other variables fixed, the useful 
output increases with decreasing coolant temper- 
ature, This is due to the decrease in required' 
coolant flow compression work with decreasing 
coolant temperature. 

An interesting result shown on Fig. 5 is that, 
for a coolant temperature ratio of four, the addi- 
tion of coolant flow causes a loss in specific 
output relative to the uncooled blade row for all 
values of k p less than 1.0. These results 
occur because of the temperature ratio effect. 

With large values of temperature ratio, even with 
large values of k p , the velocity and kinetic 
energy of the coolant flow relative to the primary 
is small. As a result, of the low relative velocity 
of the coolant flow, the kinetic energy of the 
coolant flow before mixing is more than nulified 
by the reduction in specific kinetic energy re- 
sulting from the mixing process. 

Effect of Coolant Discharge Velocity and Angle 

The preceding discussion has shown the effects 
of coolant temperature ratio, coolant pressure 
coefficient, and primary-air pressure ratio on 
coolant flow output. The separate effects of cool- 
ant discharge velocity and discharge angle, which.. __ 
are hidden in the effect of k p , have yet to be 
considered. 


The separate effects of coolant discharge 
velocity and angle on blade row output are pre- 
sented in Fig. 6. These results are shown as a 
function of the parameters (V c /V p ) 2 , (V c pp/V p 2 ), 
and (Vc,h cos a/V Pj 2)- The parameters (V c /Vp)2 
and (V c ,pp/V Pj 2) have been previously defined, and 
the parameter (V c h cos a / v p, 2 ) is the ratio of 
the coolant velocity component parallel to the main 
stream at the coolant discharge location to the 
velocity of the primary air at blade row exit. 

The results show, as expected, that increasing 
the coolant velocity component parallel to the 
main stream improves the blade row output for all 
conditions. The results also show that for- a ■ 
given ( V c ^ cos a/Vp )2 ) the improvement in blade 
row output increase s’ with decreasing (V c /V p ) 2 , 
reaching a maximum value at a (Vc/Vp ) 2 of zero 
and then remaining constant for all values of 
(Vc,pp/Vp)2. This result may be explained as fol- 
lows. When the coolant is ejected at an angle to 
the flow, the parameter (V c h cos a/V p 2 ) causes 
the value of (V c /V p )2 to be increased from its 
value when (Vc,h cos a/V Pj 2) equals zero. How- 
ever, as (V c /V p )2 becomes smaller the increase in 
(Vc/V p )2 becomes larger due to a given value of 
(V c h cos a/Vp 2 ). As shown on Fig. 4, the change 
in ilade row output is proportional to the change 
in (V c /V p ) 2 . Therefore for a given value of 
(V c ,h cos a/V Pj2 ), the increase in blade row out- 
put resulting from this parameter increases with 
decreasing (V c /V p ) 2 . 

For (V c /V p )2 equal to zero and for all val- 
ues of (V C)Pp /Vp 2 ), the change in (V c /V p )2 for a 
given value of lvc,h cos a/V p? 2) is constant. 
Therefore, for a given value of (V c ,h cos a/Vp, 2 ), 
the change in blade row output is also constant for 
(V c /V p ) 2 equal to zero and all values of (V c p p/ 
V pj2 ). The results then show that discharging the 
coolant with a velocity component in the direction 
of primary flow is most effective on the diffusion 
region of the blade surface. 

Effect of Trailing-Edge Coolant Discharge on Blade 
Row Output 

As discussed under Analyses , there are two 
effects on blade row output resulting from trailing- 
edge discharge of coolant. One effect is that the 
coolant flow being discharged parallel to the main 
gas stream contributes useful kinetic energy to 
the blade row. This effect is shown on Fig. 4. 

The other effect of trailing-edge coolant dis- 
charge on blade row output is that the coolant 
flow reduces the momentum deficit occurring at the 
trailing edge without coolant flow and thus re- 
duces the trailing-edge loss that occurs without 
coolant flow. 

These results consider the trailing-edge loss 
without coolant flow to be the loss for a square 
trailing-edge geometry. The maximum trailing-edge 
loss that can be recovered is then considered to 
be the difference between the loss due to a square 
trailing edge with no coolant flow and the loss 
due to the thin slot walls occurring with coolant 
flow. Further, the results assume that the frac- 
tion of this maximum loss recoverable with coolant 
flow -is proportional to the ratio"of "the' trailing- 
edge discharge velocity to primary air velocity. 
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Based on these assumptions, the reduction in 
trailing edge loss due to trailing edge discharge 
of coolant flow is presented in Fig. 7. The re- 
sults shown are for a representative ratio of slot 
wall thickness to total trailing edge thickness 
w/t of 0.25. 

The results show that the trailing-edge dis- 
charge of coolant can result in significant de- 
crease in trailing-edge loss relative to the loss 
without coolant flow. For instance, for a value of 
t/th of 0.10, which is considered representative 
of a cooled blade configuration and a (V c ,sl/ V p, 2 ) 
of 0.5, the increase in specific blade row output 
relative to the specific output of the uncooled 
blade row is about 0.5 percent due to reduced 
trailing-edge loss. 

Comparison of Experimental and Analytical Results 

A method for determining the effect of coolant 
flow on blade row output based on the described 
analyses together with an example of the method 
is presented in Appendix C. 

Using the method, analytical results were ob- 
tained for blade rows on which experimental results 
were available. A comparison of the analytical 
and experimental results for these blade rows are 
presented in the following. All of the results 
shown are for a coolant temperature ratio of unity. 

A comparison of experimental and analytical 
results for two types of stator blade transpira- 
tion coolant discharge are presented in Fig. 8. 

The experimental results are from Refs. 2, 4, 6, 
and 8. In obtaining these results, the fractional 
coolant flow distribution over the blade surface 
was obtained from available design data for one 
value of coolant fraction. This fractional distri- 
bution was then considered constant for other 
values of coolant fractions. 

In Figs. 8(a) and (b), the comparative results 
for wire mesh shell stator blading are presented. 
The results on Fig. 8(a) are for coolant discharge 
from the complete blade surface, and the results 
for Fig. 8(b) are for the coolant flow blocked in 
the diffusion area of the blade surface. The 
agreement shown between experimental and analytical 
results is considered good for this blading. 

Cu Fig. 8(c), the comparative results for dis- 
crete hole stator blading are presented. These 
results show good agreement at lower values of 
coolant fraction and rather poor agreement at high- 
er values of coolant fraction. At 7 percent 
coolant flow the analytical method predicts about 
1.5 percent less output than was obtained experi- 
mentally. This is then equal to an error of about 
0.2 percent in output per percent coolant flow. 

The reason for the difference is not known. 

On Fig. 9, the comparative results for stator 
blading with trailing-edge ejection are presented. 
The agreement f'or this blading is also considered 
good, the difference between experimental and 
analytical outputs being within 0.5 percent over 
the range of coolant flow investigated. 

Concluding Remarks 

An analysis of the effect of coolant vari- 


ables on blade row output has been presented. The 
results show that, for a given coolant fraction, the 
change in output relative to the output of the un- 
cooled blade row can be positive, negative, or zero 
depending on the coolant variables. 

Results obtained from the analyses were com- 
pared with experimental results for stator blading 
having four different cases of coolant discharge, 
all at a temperature ratio of unity. The compari- 
son shewed good agreement for three of the cases 
and rather poor agreement for the other. 

To further test the validity of the analytical 
method, more experimental data is needed, particu- 
larly at different coolant temperature ratios. 

Appendix A 
Symbols 

a angle between tangent to blade surface and 

coolant flow velocity vector at coolant 
discharge location 

cp independent drag coefficient for trailing- 

edge loss (cp = 0.20 for square trailing- 
edge geometry) 

e kinetic energy-loss coefficient resulting 

from blade surface friction 

g force-mass conversion constant 32.174 ft/ 

sec^ 

Ah change in output, N; ft lb 

h specific output, N/kg; ft lb/lbm 

kp coolant pressure coefficient, ratio of dy- 

namic head of coolant flow to dynamic 
head of primary flow 

p absolute pressure, N/m^,- lb/ft^ 

R gas constant, 287 J/kg K; 53.34 ft lb/lb R 

si width of trailing edge slot, m, ft 

T temperature, K, °R 

t trailing edge thickness; m, ft 

th blade throat width; m, ft 

V velocity m/sec; ft/sec 

w width of trailing edge slot walls, m, ft 

y coolant fraction, ratio of coolant flow to 

primary mass flow 

T ratio of specific heats 

Subscripts: 

c coolant flow 

cos a in the direction of primary flow 
e expansion process 

h coolant hole 

m mixed 
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min minimum 

o absence of coolant flow 


T* — T* i- 

^c^h, cps a c,h 


yLl . cos2 

2g \ rR / 


a)(B3) 


p primary flow 

pp compression process 

si slot 

te trailing edge 

tot total 

2 station at blade row exit before mixing 

Superscript : 


As described in the Analyses section, the 
effect of the coolant flow on blade row efficiency 
is dependent upon whether the coolant flow dis- 
charge pressure p c ^ is higher or lower than 
blade exit static pressure p 2 . If p c h is 
greater than p 2 , the coolant expands to the blade 
row exit static pressure, and the analyses under 
the following section Coolant Expanding apply. 

Coolant Expanding 

The effective total pressure of the coolant 
is determined from 


total state 


Appendix B 



(B4) 


Mathematical Analyses 

The mathematical expressions corresponding to 
the analyses described in the Analyses section are 
presented in two parts. First the mathematical 
expressions for computing the effect on blade row 
output of coolant discharge from all locations on 
the blade surface except the trailing edge are 
presented. Then the equations for computing the 
effect of trailing-edge . discharge, which is a 
special case of coolant discharge, on blade row 
output are described. 

As mentioned under Analyses, the analyses 
assume that the expansion efficiency of the pri- 
mary and coolant flows are equal and that the 
specific output of the primary flow before mixing 
with the coolant flow is equal to the specific 
output of the uncooled blade row. These assum- 
ptions permit isentropic relationships to be used 
in the analyses without efficiency terms. The 
analyses also assumes that the coolant and primary 
flows mix at constant pressure equal to blade row 
exit static pressure. 

Effect of Coolant Discharge Except at Trailing Edge 


Knowing the total effective pressure pj. ^ and 
total temperature Tc,h of the coolant, the ve- 
locity of the coolant at the blade row exit is 
given by 



Mixing the primary flow with the coolant flow 
at blade row exit at constant pressure, the mixed 
velocity of the two flows is computed from 


V P,2 + y v c,2 

(1 + y) 


(B6) 


Knowing the mixed velocity, the fractional change 
in uncooled blade row output for the condition of 
p c ,h being greater than pg is then given by 

2 

&L =/Z”ke\ (i + y ) -i (B7) 

h ° \ P> 2 ) 


The analyses assumes that the following blade 
row data is known from blade design and heat trans- 
fer data, p^, Tp, p 2 , p Cjh , Tc,h, a > v c,h> and V- 

The velocity of the primary flow at blade row 
outlet is first computed from the relation 


Having considered the case where the coolant 
flow expands to blade row exit, the case where the 
coolant flow diffuses to the blade row exit, that 
is, when p c jj is less than pg, is considered in 
the following section. 

Coolant Diffusing 



knowing V c ,h and Tc,h, the static temperature of 
the coolant at the exit of the discharge opening 
is given by 



For the case where the coolant exit pressure 
is less than the blade row exit static pressure, as 
discussed in the Analyses section, it is assumed 
that the coolant is first compressed to stage exit 
static pressure isentropically. Thus, in terms of 
specific kinetic energy the required coolant pump 
work is 


V 

c nPP 

2g 




KTc.h 


ta 


(r-i)/r 


(B8) 


and the total temperature of the coolant flow re- 
sulting from the component of coolant velocity in 
the direction of the primary flow (which is used 
for computing the effective total pressure p^, h 
in eq. (B4)) is equal to 


Also, as discussed under Analyses , it is 
assumed that the velocity of the coolant in the di- 
rection of the primary flow is conserved during the 
compression. So 
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v c,2 = V c,h cos a ( B9 ) 

Mixing the pr im ary and coolant streams at con-, 
stant pressure, jiot_accounting JTor the pump work, 
the specific kinetic energy of the mixed flow is 
given by 


m.e _ / v p,2 + y v c.g\ 1_ 

2g \ (1 + y) / 2 g 


(BIO) 


Subtracting the pump work, the total energy of 
the mixed flow can be expressed by 


y2 y 2 

-2^ (1 + y) - y (HLL) 

2g 2g 

Dividing the kinetic energy of the mixed flow 
by the specific kinetic energy of the uncooled flow 
after subtracting the specific output of the un- 
cooled flow gives 


m =/!sk§\ 2 (1 + y) . y / Y _c,p;p\ 2 - 1 (B12) 

h o \ V P> 2 / \ V P> 2 / 

which is the fractional change in output of the 
mixed flow relative to the specific output of the 
uncooled flow for the diffusion case. 

Computation of Mixed Conditions at Blade Row Exit 


The total effect of all flows on the specific 
kinetic energy of the mixed flow at blade exit and 
on the mixed conditions at blade exit may be ob- 
tained as follows. 

The total temperature of the mixed flow is 
given by 


T' = T P + 2y h T c.h 
m 

1 + Ey h 


(B13) 


and the specific kinetic energy of the total flow 
at blade row exit is given by 


Consider first the change in output caused 
by the coolant energy. The fractional change in 
ou tput rel ative to the specific energy of the un- 
cooled blade row is given by 


^te.e = y tL c,sl\ 2 

h o \,z) 


(B16) 


Now consider the reduction in trailing-edge 
loss due to trailing-edge coolant discharge as dis- 
cussed under the Analyses section. Since with 
coolant flow there are two flows involved, the 
effect of trailing-edge loss on each of the flows 
must be considered. The effect on primary flow is 
considered first. 

The maximum trailing-edge loss that can result 
occurs without coolant flow. In these analyses 
this maxi mum loss is considered to result from the 
trailing-edge geometry of the cooled blade without 
the trailing edge slot. Using a modification of 
the equation developed in Ref. 12, the equation for 
this maximum loss is written 



The minimum trailing-edge loss that can result 
for the primary flow is assumed to result from one 
half the thickness of the two trailing-edge slot 
walls. Modifying Eq. (B17) to provide for the slot 
wall thickness gives the minimum trailing-edge loss 
of the primary flow 

1/3 

= 0.340 JL c D (me) 

b 0 \eth/ th 

Now using the assumption of the Analyses sec- 
tion, that the fraction of the maximum recoverable 
trailing-edge loss actually recovered is propor- 
tional to (V Cj S i/Vp ; 2 ) > the equation for the vari- 
ation in primary air trailing edge loss with coolant 
flow is obtained by subtracting the trailing-edge 
loss recoverable from the trailing-edge loss with- 
out coolant flow. 


2 

}Jm _ _1_ / V p,2 + £yhVc, 2 \ _ £ y h y c.pp 
2g 2g \ 1 + £yh / 2g(l+£y h ) 


(B14) 


^te.p = &te_ 


^te, o _ / ^te, o _ ^te.p.min ^ v c, sl (p]_g j 
^o \ h o h 0 / v p, 2 


Then 

Tm = Ti - ^2 (H15) 

2g\rR / 

and Puj = pg from the assumption of the analyses. 


Having considered the trailing edge loss of 
the primary air, the trailing-edge loss of the 
coolant flow is now considered. Assuming that the 
coolant flow trailing-edge loss results from one 
half the thickness of the two slot walls, a modi- 
fication of Eq. ( B17 ) to provide for the slot 
geometry and the specific output of the coolant 
flow gives the following 


Effect of Trailing-Edge Coolant flow Discharge 

As discussed under the Analyses section, 
there are two effects on blade row output resulting 
from trailing-edge discharge of coolant flow. One 
effect is that the coolant flow, being discharged 
parallel to the main gas stream contributes energy 
to the blade row. The other effect is that the 
coolant flow reduces the momentum deficit occurring 
at the trailing edge, thus reducing the trailing- 
edge loss that occurs without coolant flow. 



As shown, this equation relates the trailing- 
edge loss of the coolant flow to the specific out- 
put of the coolant flow. To relate the loss to 
the loss of the uncooled blade row, the relative 
energies of the coolant flow and uncooled flow 
must be considered. Thus 
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Ah. 


te . c _ 
ho 


\ h c /Vy P> 2 / 


(B21) 


Knowing values of Ahte o/ h o> Aht e p/h Q , and 
Ahte c/ h o > the fractional improvement in blade row 
output resulting from reduced trailing-edge loss 
with coolant then can be computed. 


^te 

ho 


^te. o _ ^te . p + ^te. c 
h 0 h Q h 0 


(B22) 


The total improvement in blade row output 
relative to the specific energy of the uncooled 
blade resulting from trailing-edge coolant ejection 
is then the sum of the improvements due to energy 
addition Eq. (B16) and the reduction in trailing- 
edge loss with coolant flow Eq. (B22). Thus, 


Ah. 


te. tot _ ^te + ^“te . e 


Ah f 


(B23) 


3. Szanca, E. M. , Schum, H. J. , and Prust, H. W., 

Jr. , "Cold-Air Investigation of a Turbine 
with Stator-Blade Trailing-Edge Coolant 
Ejection. Ill - Overall Stage Rsrformance, " 
TM X-1974, 1970, NASA, Cleveland, Ohio. 

4. Prust, H. W., Jr., Schum, H. J. , and Szanca, 

E. M., "Cold-Air Investigation of a Turbine 
with Transpiration-Cooled Stator Blades. I - 
Performance of Stator with Discrete Hole 
Blading," TM X-2094, 1970, NASA, Cleveland, 
Ohio. 

5. Szanca, E. M. , Schum, H. J. , and Behning, 

F. P. , "Cold-Air Investigation of a Turbine 
with Transpiration-Cooled Stator Blades. II 
Stage Performance with Discrete HdLe Stator 
Blades," TM X-2133, 1970, NASA, Cleveland, 
Ohio. 

6. Behning, F. P. , Prust, H. W., Jr., and ftoffitt, 

T. P. , "Cold-Air Investigation of a Turbine 
with Transpiration-Cooled Stator Blades. 

Ill - Performance of Stator with Wire-Mesh 
Shell Blading, " TM X-2166, 1971, NASA, 
Cleveland, Ohio. 


Appendix C 

Method for Predicting Change in Blade Row 
Output Due to Coolant Flow 

The method for coolant flow discharge at all 
locations except the trailing edge is first given. 
Then the method for coolant discharge at the trail- 
ing edge, which is a special case, is given. 

Coolant flow Discharge From all Locations Except 
Trailing Edge 


7. Behning, F. P. , Schum, H. J., and Szanca, 

E. M. , "Cold-Air Investigation of a Turbine 
with Transpiration-Cooled Stator Blades. IV 
Stage Performance with Wire-Mesh Shell Stator 
Blading, " TM X-2176, 1971, NASA, Cleveland, 
Ohio. 

8. Moffitt, T. P. , Prust, H. W. , Jr., Szanca, 

E. M. , and Schum, H. J., "Summary of Cold- 
Air Tests of a Single-Stage Turbine with 
Various Cooling Techniques," TM X-52968, 

1971, NASA, Cleveland, Ohio. 


The necessary steps for making the computa- 
tion are given in the example calculation. To 
make the computation, values must be read from 
three figures, 10, 11, and 12, and a relative few 
simple slide rule calculations made. The method 
for obtaining an overall blade row coolant pres- 
sure coefficient from the total change in blade 
row output is included in the method. 

Coolant Flow Discharge from Trailing Edge 

The necessary steps for making the computa- 
tion are given in the example calculation. The 
example calculation is for the analytical results 
shown on Fig. 9. 


9. Whitney, W. J. , "Analytical Investigation of 
the Effect of Cooling Air on Two-Stage 
Turbine Performance," TM X-1728, 1969, NASA, 
Cleveland, Ohio. 

10. Hoerner, S. F., Fluid-Dynamic Drag . Midland 

Park, N.J., 1968. 

11. Prust, H. W., Jr. and Helon, R. M. , "Effect of 

Trailing-Edge Geometry and Thickness on the 
Performance of Certain Turbine Stator 
Blading," Proposed Technical Note, NASA, 
Cleveland, Ohio. 
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EXAMPLE OF METHOD (TRAILING EDGE COOLANT DISCHARGE) 


Identification 

number 

Quantity 

Value 

Comment 

© 

y 


0.03 

0.04 

0.05 

0.06 

0.07 


© 

t 


.080 

.080 

.080 

.080 

.080 


© 

th 


.61 

.64 

.64 

.64 

.64 


© 

w 


.020 

.020 

.020 

.020 

.020 


© 

si 


.040 

.040 

.040 

.040 

.040 


© 

e 


.015 

.015 

.015 

.015 

.015 

Example uses e of 0.015 from test data. 

© 

C D 


.20 

.20 

.20 

.20 

.20 

Example assumes square trailing edge geometry. 

© 

Vc, si 


593 

755 

898 

1040 

1165 


© 

V P,2 


1040 

1040 

1040 

1040 

1040 


© 

^^teje./^o = 

’© X (@/@) 2 ]xlOO 

.975 

2.11 

3.73 

6.00 

8.78 


@ 

^^te , o/^o = 

Figure 13 at ^)/(?)| 

1.72 

1.72 

1.72 

1.72 

1.72 


© 


= ["Figure 13 at ©/©l 

.29 

.29 

.29 

.29 

.29 


© ■ 

*^te,p ■ © - ©] •'< [©/© 

.82 

1.04 

1.24 

1.43 

1.60 


@ 

te,c/ h c " 

Figure 14 at (T )/^3^ and 

4.4 

4.4 

4.4 

4.4 

4.4 


© 

^^te, c/^o = 

[© x ©] •/• 100 

.04 

.09 

.16 

.26 

.39 


© 

^^te, tot/ h o 

© + © - © 

1.76 

3.06 

4.81 

7.17 

9.99 












EXAMPLE OF METHOD (ALL COOLANT DISCHARGE LOCATIONS EXCEPT TRAILING EDGE) 


Identification 

number 

Given Data 

© 

li - Hole number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

© 

p p 

100 

100 

100 

100 

100 

100 

100 

100 

100 

100 

© 


Go. 6 

66. G 

66.6 

66.6 

G6.6 

66.6 

66.6 

66.6 

66.6 

86.6 

© 

y>;100 

.GO 

.57 

.52 

.48 

.32 

.24 

.36 

.52 

.63 

.75 

© 

p c,h 

57.4 

57.4 

57.9 

58.9 

60.5 

98.8 

97.4 

94.4 

91.4 

88.4 

© 

J p 

960 

960 

960 

960 

960 

960 

960 

960 

960 

960 

© 

©h 

535 

535 

535 

535 

535 

535 

535 

535 

535 

535 

© 

v c.h 

600 

575 

515 

480 

315 

240 

360 

515 

635 

755 

! © 

a 

30 

30 

30 

30 

30 

90 

90 

90 

90 

30 

General Calculations 

© 

T p/ T c, h 

1.795 

1.795 

1.795 

1.795 

1.795 

1.795 

1.795 

1.795 

1.795 

1.795 

© 

vi, h (r - i)/'i'L,h 2 erR 

.0560 

.0515 

.0413 

.0359 

.0154 

.0090 

.0202 

.0413 

.0628 

.0887 


If p c> i) i pg, steps (2) thru ^7) should be followed; If p C)h < 
Note- Only one set of steps is applicable for each H. ’ 

Pg. steps 

thru 

(So) should be followed. 



© 

p c.l/ p c,h ' [ Msure 10 at ® an<1 ©] 






1.0 

1.0 

1.0 

1.0 

1.0 

© 

Pc,h - [© « ©] 






98.8 

97.4 

94.4 

91.4 

88.4 

© 

k p . [(0 - ©!/(© - ©)] 






.964 

.922 

.832 

.742 

.653 

© 

#tt/h 0 y ^Figure 11 at (lo) and (14)J 






.46 

.43 

.37 

.30 

.23 

© 

**/*„ = [© >- ©] 






.11 

.16 

.19 

.19 

.17 

© 

L?Ah/h 0 -E© -0.82 












Pt, I 1 /P 2 • [pieure 10 at © and @J 

1.17 

1.15 

1.12 

1.10 

1.04 






0 

1’c.h 1 [© ' ©] 

77.9 

76.6 

74.6 

73.3 

69.3 






© 

k p [f© ' ©>'«© ' ©)] 

.338 

.299 

.240 

.201 

.081 






© 

fAll/ll 0 y - [kgur-e 11 at © and ©J 

-.06 

-.11 

-.21 

-.27 

-.51 






O 

**>'/ h 0 .. [© - ©] 

-.04 

-.06 

-.11 

-.13 

-.16 






© 

@ 

Ef&ll/hg --E@ - -O.bO 

- [(© ' ©>'(© - ©'] 

-.275 

-.275 

-.260 

-.230 

-.183 






; © 

pp/pp = [©/dj 

. 066 

. 066 

.606 

. GOO 

. 666 






© 

^Aii/h 0 y ^Figure 12 at (I6) . (24), and (25)j 

-.22 

-.22 

-.21 

-.18 

-.15 






0 

<“•/»> o - [® > ©] 

-.13 

-.13 

-.11 

-.09 

-.05 






© 

E^ai/h 0 ■ r. @ -o.si 











© 

1&./h 0 lor H [© + © * ©] 

-.17 

-.19 

-.219 

-.22 

-.21 

.11 

.16 

.19 

.19 

.17 

, © 

LA1j/L 0 lor Blmio • E (29) . -0.19 











]i 

To find average kp for 

use in Rei 

. 9 follow 

steps (Si 

thru (3^ 

■ 





© 

fry r.© 4.99 











' © 

5«/fl>/h 0 ) aV(J @/@ - -0.19/4.99 = -0.04 











© 

if 1.0, read Fig. 11 at Tp/'i'c.h " 1-0 

and (32) . 

IT © < 

-1.0, add 

+1.0 to © Read Fig.' 12 at © +1 

0. (2S) . and Tp/T^ fo = 1.0. 

© 

k„ *0.19 fro::. Fig. 11 for this example. 

f J avg 
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Schematics of representative cases HS diagrams of representative 
of coolant discharge. cases of coolant discharge. 


Figure 1. - Representative cases of coolant discharge. 
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CU LOSS WITH COOLANT FLOW 

LOSS RECOVERED BY COOLANT FLOW 


UM 



(a) VERY THIN SLOT WALLS. (b) FINITE SLOT WALLS. 


Figure 3. - General effect of trailing-edge coolant discharge on 
trail ing-edge loss. 



Figure 4. - Effect on blade row output of coolant velocity 
ratio parameters at blade row exit. 



P2'Pp 


PERCENT 
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OUTPUT 
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PERCENT 

COOLANT 

FLOW, 

Ah/h Q y 



k 
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Figure 5. - Effect on blade row output of coolant temperature 
ratio, coolant pressure coefficient, and primary-air pres- 
sure ratio. 


PERCENT 
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Ah/hy 



Figure 6. - Effect of coolant discharge velocity and dis- 
charge angle on blade row output; - - — - - * ~ J 



PERCENT 
CHANGE IN 
OUTPUT DUE 
TO 

RECOVERY OF 
TRAILING-EDGE 
LOSS, 

(Ah te /h o )xl00 



Figure 7. - Example effects of coolant flow on trailing- 


ecige loss. 
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0 . 01 .02 . 03 . 04 . 05 . 06 . 07 

COOLANT FLOW RATE, y 
(b) WIRE MESH SHELL TRANSPIRATION STATOR 
BLADING WITH COOLANT FLOW FROM BLADE 
DIFFUSION AREA BLOCKED. 



COOLANT FRACTION, y 

(c) DISCRETE HOLE TRANSPIRATION STATOR BLADING. 

Figure 8. - Comparison of experimental and analytical 
results. 




Figure 9. - Comparison of experimental and analytical 
results of stator blading with trailing-edge coolant 
ejection. 



Figure 10. 
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